contents were observed for some (but not all) sickle patient^.^' Ever since, investigators using diverse techniques have struggled to determine whether sickling-induced cation leaks are imbalanced'5~25.26.4'~49~51~5* (ie, directly dehydrating) or n~t .~~,~~,~~,~~-~~,~~ In fact, it is probable that multiple leak pathways are involved during sickling and that activation of these can be either concurrent or variable depending on which RBC subpopulation, patient, or time frame is being examined. The following mechanisms have been proposed as possible routes to a dehydrated cell.
A number of studies performed on unfractionated RBC suggest that the passive component of sickling-induced leak (+ ouabain inhibition of Na'K'ATPase) causes balanced 1eak39.4446 (Fig 2) , while the full homeostatic capacity of the cell (-ouabain) leads to cellular d e h y d r a t i~n '~~~~~~~~~~ via the cation-depleting fixed stoichiometry of compensatory Na+K+ATPase activity (3 Na out:2 K in).15340345,54 This apparent relationship does not simply reflect concurrent differences in calcium availability due to experimental design. However, theoretical analysis suggests that under physiologic constraints the resulting effect would be slow to develop and insufficient to explain in itself very-dense sickle RBC?5 Consequently, two other mechanisms have found support.
There probably is an absence of ongoing activation of calcium-dependent K channels in oxygenated sickle RBC;' and a role for these channels during deoxygenation may have been obscured in earlier studies by use of unfractionated RBC. However, recent investigations using separated least-dense fractions indicate that reticulocytes can respond to sickling with a calcium-dependent, directly dehydrating, unbalanced K Whether this occurs simply because only reticulocytes are permeabilized to calcium by deoxygenation or whether they also respond differently to calcium remains to be seen. These results raise an obvious interpretative problem for all those studies of cation homeostasis perPassive flux and compensatory Na+K+ATPase activity.
Calcium-dependent K channels.
formed in absence of external calcium, and they emphasize the need for utilization of conditions that are at least well understood, if not actually physiologic. For example, because external divalent cations, including calcium, exert effects on both Na and K fluxes quite independent of any Gardos it becomes difficult to compare results obtained in differing media.
Of great interest, it has been suggested that there can be temporal heterogeneity in single-cell behavior so that a sickle cell that undergoes activation of calcium-dependent K channels during one deoxygenation period may not activate during the next deoxygenation peri0d.2~ If true, this might explain the failure to observe dense-cell formation during a single prolonged deoxygenation period in vitro despite the success of repeated oxyldeoxy cycles in forming dense cells?7358 Interestingly, there appears to be a high degree of interindividual variability in achievable V,, of calcium-activated K channels for both normals and sickle patients. 59 A K/C1 cotransport pathway that responds to cell swelling or low pH is especially active in sickle r e t i c u l o c y t e~~~~~ and is somewhat active in more dense cells (Fig 3) , probably because of the presence of some young cells in those fractions. Reticulocytes from HbA individuals show some activation of this pathway, but much less than is seen for sickle RBC.65 Hence, it is postulated that the abnormal interaction between HbS and KICI cotransport. For personal use only. on October 24, 2017. by guest www.bloodjournal.org From the RBC membrane6 might provide an unusual stimulating factor. In support of this, a similar pathway is evident in HbCC cells, and HbC is like HbS in manifesting avid interaction with the RBC membrane.@ That HbAC cells tend to be denser than HbAS cells67 lends plausibility to this theory, especially because HbAC cells also show activation of this pathway despite having normal reticulocyte Activation by lower pH is a likely physiologic stimulus and, in fact, is hypothesized to be a secondary and persistent consequence of calcium-dependent K channel activation.26. 68 This pathway could exert an influence even without sickling because its activation by pH less than 7.4 has been shown to directly dehydrate oxygenated sickle RBC.62 In fact, K/CI cotransport is actually inhibited significantly by deoxygenation due to the attendant rise in cytosolic M$+. 69, 70 Notably, this pathway may be related to the WCI cotransport pathway stimulated by the thiol perturbant N-ethylmaleimide (NEM),63,64,71372 which is of particular interest given the and lipid6 oxidation evident in sickle membranes, the stimulatory effect of various pharmacologic oxidants on selective K leak: and the fact that NEM-stimulated WCI cotransport activity is potentiated by membrane pero~idation.7~ Activation of this transport pathway by NEM is widely variable among sickle samples (more so than among normals), 63,64 perhaps consistent with acquired variability in pathway recruitment or sensitivity.
Consequences of Abnormal Cation Homeostasis
Regardless of specific mechanisms involved, the ensuing development of abnormally dehydrated RBC is directly responsible for several cellular defects including excessively elevated P5,,75 poor cellular deformability and abnormal membrane microrheology (see below), the very propensity for sickling due to the extraordinary concentration dependence of HbS p~lymerization,~ and perhaps even some of the tendency for sickle RBC to adhere to endothelial cells (see below). All these cellular features have been implicated in development of vasocclusion.
IRREVERSIBLY SICKLED VERSUS MOST-DENSE RBC
ISC can constitute anywhere from a few percent to 50% of sickle RBC,8210376 yet to some extent our image of these unique cells is only assumed. Virtually all studies of ISC have been performed using the most-dense RBC subpopulation, and the degree of ISC enrichment has been highly variable and often less than 60%. Thus, it must be kept in mind that "most-dense" and "ISC" are not synonymous terms. Indeed, some ISC usually are found in least-dense fractions, while most-dense fractions contain not only ISC but also a sizable population of comparably dense discocytes, some reticulocytes, and even a small population of pseudovacuolated s e q u e s t r o c y t e~.~~~~-~ A distinction between constituents of the dense subpopulation has been made only in two cases so far: discocytes from the ISC-rich dense subpopulation may have less abnormal membrane microrheology than ISC themselves,81 and ISC show less endothelial adhesivity than other dense RBC because of their infle~ibility.'~,~~ Of equal concern, any conclusions drawn from correlations with ISC counts must be tempered by the fact that the percent ISC observable after saturation with CO is decreased to less than half that of aerated blood, the preparation usually studied.@ With these caveats in mind, it is best to describe reported characteristics as being of most-dense cells rather than of ISC per se, and these are apparent from the notations in Table 1 . Because most sickle membrane abnormalities are exaggerated in this subpopulation, it is evident that correlative data can be of little value in assessing causal relationships. For example, cells of this subpopulation are shorterlived76,85-87 so that attenuation of sickle RBC lifespan can appear to correlate with any number of membrane defects or cytoplasmic features. It is clear that accurate identification of interrelationships will require more critical analysis such as detailed examination of multiple density subpopulations. For example, even though membrane thiol oxidation in density-separated RBC is greater for bottom-half cells than for top-half cells," examination of smaller-density fractions indicates that thiol oxidation is increased in sickle reticulocytes as well (Rank and Hebbel, unpublished data). Another example is that ISC share with least-dense reticulocytes the feature of having lower HbF levels than middensity sickle d i s~o c y t e s .~~,~~ Clearly, old notions of distribution of cellular characteristics among RBC subpopulations must be reexamined to help address a central question: Do the features of most-dense cells represent typical characteristics of those cells predestined to become ISC, or are they end-stage defects of highly damaged cells?
Formation of ISC: In Etro Models
The most informative attempted simulations of ISC formation have used many hours of repetitive deoxygenation1 oxygenation of metabolically replete RBC in buffered medium.57 Several caveats apply to interpretation of such results. First, CO or prolonged reoxygenation have not been used to establish that induced elongation of shape is truly irreversible. Also, results reflect methodology used because ISC formation is time-dependent. Moreover, effects are less evident if these studies use "rapid" deoxygenation, which is on the order of 2 minutes and thus occurs two orders of magnitude slower than physiologic de~xygenation.~~ Thus, the degree to which these studies simulate physiology is uncertain, but they have been instructive in tentatively identifying certain principles.
It is likely that cellular dehydration exerts a permissive effect on ISC for ma ti or^,^^.^^^^" but it may not be absolutely necessary because repeated deoxyloxy cycles also form new ISC that are in less-dense layers.93 The mechanism by which dehydration influences cell shape is not known, but because ISC do not necessarily contain Hb it seems likely that this involves the profound effect of HbS, especially in high concentration, on membrane microrheology (to be discussed below).
Regarding dense-cell formation, sickling in vitro probably causes direct dehydration of those least-dense sickle reticulocytes having lower HbF levels." This result presumably explains why the percent of very-dense cells in sickle samples correlates inversely with HbF leve112~76~95 (although For personal use only. on October 24, 2017. by guest www.bloodjournal.org From this relationship clearly is lost with concomitant OL thalassemiaW3.92,% ). Thus, it is suggested that reticulocytes having lower HbF levels achieve extreme (ISC-like) density quickly after their release from the marrow, while reticulocytes having higher HbF levels perhaps take a different and slower route to modestly greater d e n~i t y .~, '~ By analogy, it is possible that relatively different degrees of activation of various leak pathways are the reason that the density distribution of HbSC cells differs from that of HbSS cells in having fewer very-dense ISC and having RBC that are uniformly more dense than normal RBC.8,'0,g",s In aggregate, these data perhaps suggest that rapid dehydration is a consequence of calcium-activated K leak while slower, more uniform dehydration results from activation of K/Cl cotransport.
In any case, formation of ISC in vitro is generally prevented by an absence of external calcium or if calciumactivated K efflux is inhibited,40.49.57.'9,99 as well as by calcium channel blockers and inhibitors of calmodulin-mediated pro~esses.8'~~"" Although inhibition of ISC formation by zinc was not seen in vitro,-others observed ISC counts to diminish in sickle patients given this calcium antagonist."' The implied role for calmodulin is interesting given its interaction with the RBC cytoskeleton and the effects of calcium on certain protein/protein interactions." It has been reported that the dense cells that do form in the absence of external calcium are less rigid in the micropipet than those formed in presence of calcium? which is intriguing given observation of two ISC populations in sickle blood, "hard" and "soft," based on membrane ~tiffness."~ Additional studies will be required to adequately discriminate between the mechanism of dehydration and mechanism of membrane shape change.
LIPID BILAYER
The lipid bilayer normally is arranged asymmetrically so that 75% to 80% of the phospholipids (PL) containing choline (phosphatidylcholine [PC] and sphingomyelin) are found in the outer monolayer, while the inner monolayer retains most of the aminophospholipid (-100% of the phosphatidylserine [PSI and 80% of the phosphatidylethanolamine [PE]). It is believed that this state is maintained by at least two orientation enforcing mechanisms. Passive PL stabilization may involve interaction of PS with spectrin and band 4.1,'w1'' and active enforcement of orientation is provided by an ATP-dependent PL translocating activity.112-114 Despite these constraints, PL can traffic between monolayers, so PL destabilization can take the form of enhanced transbilayer mobility and/or an actual, stable loss of asymmetry.
Bilayer Destabilization
Deoxygenation-induced sickling causes an alteration of PL organization, as evidenced by enhanced availability of PS/PE to digestion by external phospholipase over the time of enzyme exposure (Fig 4) 1x5,"6 and by abnormal labeling of aminoPL by a nonpenetrating amino group label, trinitrobenzenesulfonic acid (TNBS)."' (By these criteria, PL destabilization also has been observed in RBC from other disorders such as diabetes,"' chronic myelogenous leukemia,"' or Plasmodium infection."") More precisely, sickling results in elevated translocation rates for added PC or lysopc~llo'121.122 For reversibly sickled cells this destabilization is reversible, with reoxygenation allowing a return to normal PC translocation rates and near-normal PS availability to ph~spholipase."~~'~' In contrast, the status of oxygenated sickle RBC is quite unclear. Indirect techniques suggest that oxygenated ISC manifest PL destabilization while oxygenated non-ISC are n~r m a l . "~~~~'~'~~ Yet actual measurement of inward translocation rates of added PS analogues suggests that even oxygenated non-ISC have markedly deficient inward flip rates and that there is no significant difference between these and ISC.'' These discrepancies beg for clarification, as does the unknown status of sickle RBC compared with high-reticulocyte controls, so the true state of PL organization in oxygenated sickle RBC remains to be defined.
The above observations are believed to reflect increased transbilayer mobility of PL without any stable loss of asymmetry because the latter has not yet been documented. The putative PL flip sites recruited by deoxygenation may well be provided by sickling-induced spicules, areas of membrane in which the constraining influence of the underlying cytoskeleton probably is dislodged.'z4 This notion is consistent with the fact that deoxygenation does not lead to PL destabilization if membrane deformation is pre~ented,"~,'~~ and it is supported by the observation that the vesicles shed by repeated sickling have externally oriented PS while the deoxygenated remnant RBC retain normal asymmetry and have near-normal PC translocation rates.x".'25 However, an isolated abnormality of neither membrane protein nor flipase is likely to destroy PL stabili~ation,'".''~~~~ so destabilization in these cells may reflect a compound defect. Several cellular abnormalities of sickle RBC could, in theory, contribute. Depending on the lipid mixture examined, insertion of glycophorin into vesicles can cause accelerated PL t r a n s l~c a t i o n . '~~~'~~ Hence, the speculative concept that PL destabilization could be related to packing defects'39 is worth noting, especially because certain transmembrane proteins are abnormally clumped in sickle membranes (see below).
The protein oxidation of sickle membranes (see below) could be implicated, because pharmacologic thiol oxidation of RBC membranes causes PL destabilization without any stable loss of an effect that may involve both cytoskeletal and noncytoskeletal thiols.'" In addition, lipid peroxidation and its byproduct, malondialdehyde (MDA), promote transbilayer movement of PL, perhaps by promoting assumption of a nonbilayer lipid onf figuration.'^''^ Packing defect.
Oxidation.

Lipid Peroxidation and Miscellaneous Lipid Defects
PL in sickle membranes are abnormally peroxidized, as evidenced by the p r e s e n~e '~~* '~~ and excess spontaneous g e n e~a t i o n '~~ of malondialdehyde, as well as the presence of PSPE adducts crosslinked by MDA.I5' Sickle RBC also are abnormally susceptible to peroxidation stimulated by added peroxides.117,151,152 This result is partly due to membrane vitamin E deficiencyIs3 and perhaps vitamin C defi~iency,'~~ and it is partly due to abnormal iron deposits in the sickle membrane.'52~'5s That this susceptibility increases during de~xygenation"~ or after calcium loading'56 may imply that disruption of PL organization also contributes. Perhaps related to peroxidative change, sickle membranes manifest abnormally low lipid fluidity and increased microviscosity, a defect especially evident for ISC.'57.'58 Of unknown significance, sickling RBC manifest increased glycerol uptake (a measure of new synthesis by sickle reticulocyte^)'^^ but diminished incorporation of palmitic acid (a measure of lipid ~enewal)."~
Consequences of PL Destabilization
The abnormal exposure of PS on the RBC surface provides effective catalytic PL for promotion of coagulation during in vitro prothrombinase assay.1'6.160*161 Given the lack of evidence for stable loss of asymmetry, this result may imply trapping of translocated PS by coagulation proteins. In fact, studies on diamide-treated and ATP-depleted RBC suggest that procoagulant potential is of two kinds, one resulting from increased rate of PS translocation to the outer leaflet and a much greater effect if actual loss of asymmetry develop^."^^'^^ Consistent with this, the spectrinfree spicules released due to sickling162 have lost normal asymmetry and are particularly effective promoters of clotting.'22~'~~'61 It has been hypothesized that such activity could underlie the activation of coagulation evident in sickle patient plasma.163-'ss Likewise, it has been suggested that loss of asymmetry could explain depletion of protein and alternative pathway complement activation'" in sickle patients. The possible promotion of abnormal cell/ cell interactions by PL destabilization will be considered below.
MEMBRANE-ASSOCIATED IRON COMPARTMENTS
Ghost membranes made from sickle RBC contain abnormal amounts of Hb,6 much of which is truly membraneThis material probably exists predominantly as hemichrome, a denatured and oxidized Hb, and mostdense cells contain increased amounts of it.'55 At least some of this material takes the form of Heinz body-like aggregates, and much of it is associated with various membrane proteins (to some extent by disulfide b~nding).~,'" In addition, there probably is a small amount of free heme and some ferritin-like iron in association with sickle membrane.'52*'55 Remarkably, there also is an unprecedented deposition of free iron in sickle membranes, perhaps associated with bilayer aminoPL, with no such compartment detected in normal RBC membra ne^.'^^ The accumulation of Hb presumably reflects the instability of HbS, 6 while the deposition of non-heme iron remains under study. Variability among sickle patients is several-fold for membrane Hb and many-fold for free i r~n , '~~, '~~ and the total amount of iron in sickle inside-out membranes averages nine times the amount in normal membra ne^.'^'
The probable importance of this membrane-associated iron (generic) is that it provides a mechanism by which the endogenous oxidant stress of sickle RBC (stemming from accelerated HbS a~t o x i d a t i o n ) '~~"~ can be targeted directly to membrane structures. The considerable complexities of oxidative phenomena in RBC membrane pathobiology in and of sickle RBC iron decompartmentalization and HbS autoxidation in particular6 have been discussed recently and thoroughly and will not be reiterated here. The relative magnitude of oxidative risk in sickle RBC is summarized in Table 2 .
MEMBRANE PROTEINS
Membrane Topography
The distribution of glycophorin molecules on sickle membranes probably is abnormal, as detected by clustering of sites for binding of cationized ferritin," wheat germ agglutinin,'" and anti-glycophorin."' In contrast, the quantity of glycophorin-borne sialic acid is probably close to n~r m a l~~'~~. '~' despite a report to the contrary.'74 Sickle RBC show increased susceptibility of sialate-containing oligosaccharides to release using endo-p-galactosidase.'" While Hb-dependent coclustering phenomena may underlie glycophorin clumping (see below), it may be noted that cellular dehydration and calcium loading both foster glycophorin clustering in vitr~."'~~
Glycophorin.
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From Band 3. Similarly, band 3 molecules tend to be abnormally ~I~s t e r e d . '~'~' " It is not known whether this is related to the increased expression of I and i antigens on sickle Ce~~S*175.1".1N The possibility that the latter might enhance the susceptibility of sickle patients to RBC lysis during appearance of cold agglutinins appears to have not been tested by clinical observation.
Binding of Bandieraea simplicifolia lectin, which binds to a-galactose (a-gal) containing residues, is reported to be abnormally increased for type 0 sickle RBC (which do not carry the a-gal of the normal B blood group antigen) if the cells are first treated with melibiose to elute a natural anti-a-gal-antibody'"' but not if this prior elution step is skipped."" Glycolipid.
I!?
Abnormal deposits of IgG are detected on RBC from perhaps two thirds of sickle patients, even if unWhile averaging a several-fold increase over normal, the quantity of IgG is highly variable among patients and ranges, eg, to as high as 890 IgG molecules per cell (compared with less than 25 for normal RBC) when assayed by a complement fixing antibody consumption test.IHZ However, this perhaps underestimates the functional degree of opsonization, because this IgG actually is found only on a fraction of the RBC (ranging from 10% to 60%) from any one patient,177.'Ho.'x1 and amounts are greater on most dense RBC.'49.'".'R' The antigenic specificity of this IgG remains unproven, because different studies support different candidate antigens including band 3 (but not its 65-Kd f~agment),"~ Galal-, 3Gal on a ceramide pentahexoside,"'".'x' and perhaps even MDA cros~links.'~~ The observation of IgG on sickle RBC is reminiscent of similar findings for senescent normal,'" thalassemic,'" maIaria-infectcd,lx0 and unstable hemoglobinopathic'" RBC. Peculiarly, RBC also werc reported to be positive for IgG in 7 of 57 sickle trait patients."'
Coclustering
Electron microscopic examination of sickle RBC shows subsurface heme-containing microbodies that tend to be transfused. I4P.ITI.IX(I.IX?.IK1 associated with intramembranous particles," and recent immunologic probing has documented coclustering of band 3 protein with Heinz bodies and with surface IgG ( Fig  5) ."'."' The proximate cause of this coclustering is belicved to be oxidative formation of hemichrome, which binds avidly to, and copolymerizes with, the cytoplasmic portion of band 3 in vitro with a stoichiometry of two hemichrome tctramcrs pcr band 3 subunit.'" Consistent with an etiologic role for hemichrome, similar coclustering is observed for thalassemic and unstable hcmoglobinopathic RBC.'77 IgG/ band 3Meinz body coclustering also is seen in oxidatively stressed RBC,",'wh although there can be doubts as to the validity of this model.'n".la' However, from unmanipulated sickle RBC apparent confirmation is derived from succcssful isolation of membrane protein aggregates that comprise lcss than 1% of membrane protein, that consist mostly of globin and band 3, and that havc 75% of the cell's surface IgG."' Thus, the IgG on sickle cells not only is concentrated on a subfraction o f the cells but also is clustered in dense accumulations on single cells. It has been stated that thermodynamic considerations predict that intracellular events causing aggregation of band 3 molecules would make binding of any prccxisting anti-band 3 antibody more favorable by several orders of magnitude." The interesting converse possibility, that anti-band 3 forms a nidus enhancing hemichrome accumulation, has not been tested.
Notably, study of three sickle patients revealed that coclustering is variable and shows an imperfect concurrence so that only 52% to 84% of Hcinz bodies cocluster with band 3, 9% to 33% cocluster with glycophorin, and 28% to 58% cocluster with ankyrin.17' For the discrepancy between involvement of band 3 and ankyrin to suggest that hemichrome preferentially binds to that portion of band 3 
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that is unencumbered by attachment to ankyrin (or, altematively, that hemichrome binding dislodges ankyrin) depends on the true size of the free-floating fraction of band 3, which is an unresolved issue.'y2 Nonetheless, the diffusional accumulation of band 3 molecules might explain the observation that RBC sickling in plasma doubles the amount of surface IgG (and the proportion of cells having IgG), but only after many hours of de~xygenation."~ That prolonged deoxygenation in buffer also leads to some increased antibody deposition on subsequent exposure to plasma could also reflect sickling-induced redistribution of band 3 molecules, but it is possible that sickling creates or enhances exposure of sites for antibody binding. The more relevant time dependence of IgG accumulation as a consequence of physiologic (ie, short) sicklinghnsickling cycles has not been tested.
Cytoskeletal Dysfunction
Both the strength and the flexibility of the normal RBC derive from the protein component of its membrane, the essential feature of which is an underlying cytoskeleton (spectrins, actin, band 4.1, plus other minor components) connected by linking units (ankyrin and band 4.1) to proteins embedded in the lipid bilayer (band 3 and glycophorin). While of high affinity, these complex associations are not covalent, and opportunity exists for functional abnormalities involving the various subunits. The first hint of dysfunctional protein in the sickle membrane was the observation that ISC do not necessarily contain polymerized hemoglobin.94 The significance of this observation was dramatically clarified by the demonstration that ISC (but not reversibly sickled cells) tend to yield ISC-shaped ghost membranes, and that Triton extraction of these yields ISC-shaped cytoskeleton~."~ Since then, a number of protein defects have been described.
Sickle inside-out vesicles (IOV) have a variably diminished capacity for ankyrin-dependent binding of spectrin (Fig 6) .'" This defect is more apparent for ISC-rich than reticulocyte-rich fractions, but both are markedly abnormal compared with high-reticulocyte control membranes. The same defect was seen for IOV from HbSp-thal RBC, but IOV from patients with less severe disorders (HbAS, HbSS with high HbF, and HbSP"".') had normal spectrin-binding capacity, and the least symptomatic HbSS patient studied had the highest binding capacity for spectrin. Oddly, it was found that isolated sickle ankyrin binds normally to spectrin in solution. It is not known if this discrepancy is because the ankyrin molecule behaves differently in solution than in its membrane environment, or because the most abnormal ankyrin molecules are lost in the purification procedure, or because the DTT used in the ankyrin purification process normalizes its function.
Band 4.1 protein normally associates with both glycophorin'y6 and aminoPL," but isolated sickle band 4.1 is reported to have a markedly diminished capacity for binding to normal membrane vesicles depleted of 4.1."' Pending confirmatory studies, it should be noted that the band 4.1 preparations used for these studies contained substantial amounts of aggregated protein not found in A preliminary report suggests that sickle band 3 has subnormal anion transport activity and a diminished number of high-affinity ankyrin binding sites and that these defects tend to normalize if patients are administered vitamin E.'" However, because the cells apparently were shipped before study, it is quite possible that results can be explained by oxidative deterioration during shipping. Work by others suggests anion transport capacity of sickle RBC is norma1.lW
HblSpectrin Adduct
Careful analysis of sickle RBC membranes shows a small amount of abnormal spectrinlglobin adduct. 200 Although actual presence of heme in the adduct has not been documented, it is a reasonable assumption because presence of the adduct appears to reflect an oxidative process, possibly involving Hb radicals. The adduct involves spectrin (but not Hb) thiols, and its formation is simulated in vitro by admixture of Hb and spectrin and peroxide."'-w3 Its formation is favored by dehydrated cytosol:" and the amount of adduct increases along with MCHC for unmanipulated sickle RBC.m This adduct also is seen in thalassemic, hereditary xerocytosis, and most-dense normal RBC.m3ZM Its presence is implicated in altered membrane deformability (see below).
Protein Oxidation
Although sickle membranes do not contain the highmolecular-weight protein aggregates seen in some oxidative
Band 3.
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From disorders, they do have a diminished number of titratable reduced thiol^.'^,'^ This observation appears to reflect a generalized protein oxidation that is highly variable among patients and that includes spectrins, band 3, band 4.1, and a n k~r i n .~~ Thiol oxidation is not detected in control RBC from non-oxidative high-reticulocyte states," and it seems to be greatest in both the m o s t -d e n~e~~r~~ and the leastdense (Rank and Hebbel, unpublished data) sickle cells. It should be kept in mind that thiol oxidation has been measured as a convenient marker of protein damage and presumably coexists with oxidative damage to other amino acids, as found for band 4.1 isolated from sickle membra ne^.'^^ Consistent with the notion that iron decompartmentalization provides a mechanism for targeting of oxidant damage to specific membrane components,6 observed amounts of membrane thiol oxidation do correlate with amount of heme associated with sickle inside-out membranes (IOM).'" On the other hand, despite ample precedent for believing that protein oxidation interferes with cytoskeletal protein functioq6 it is not proven whether this process actually is responsible for described functional defects of the sickle membrane. The described coclustering of Heinz bodies with specific proteins certainly could focus oxidant damage to this area of the membrane.m However, because the sickle membrane's spectrin-binding defect is not corrected by D'IT,19' it would have to be caused by damage to a non-thiol amino acid, or it could reflect thiol damage not amenable to reduction with DTT. Indeed, only a portion of the thiol oxidation in sickle membrane proteins can be reversed with Dl'T,'3 with band 4.1 being demonstrably resistant to such red~ction.'~.'~~
Miscellaneous Protein Defects
The possible significance of altered patterns of sickle membrane protein methylation and phosphorylation cannot be assessed because there is no consensus as to whether abnormalities even exist.z07-211 Increased amounts of GSHtransferase and catalase on sickle membranes could be footprints of prior calcium excess because deposition of both increases in response to c a l c i~m ?~~~~~~
Consequences of Membrane Protein Defects
The fragility of sickle RBC214 was dramatically illustrated by observation of RBC lysis in sickle patients undergoing vigorous exerci~e.~'~ Accompanying in vitro studies documented RBC shear sensitivity, with the mostdense cells being particularly susceptible to lytic damage. Notably, the shear sensitivity of intact sickle cells tended to diminish on cellular rehydration, although ISC themselves did not completely normalize.z15 Consistent with this, ghost membranes made from most-dense (but not from leastdense) sickle RBC are mechanically fragile?16 It is reasonable to assume that membrane instability reflects some failure of protein/protein junctional asso~iations.2'~ Thus, it may be relevant that free heme (which is found to excess in both sickle membranes'" and in sickle profoundly destabilizes RBC cytoskeletons, as documented in
Fragility.
studies of ghost membranes, intact RBC, and isolated It also is possible that protein oxidation would make the membrane more susceptible to the potentially disrupting influence of mechanical stress. Also, membrane stability is demonstrably decreased by greater than 1 pmol/L Ca in presence of physiologic amounts of calmodulin." Whatever the proximate cause, RBC fragility may contribute to hemolysis.
Sickle RBC have an abnormal tendency to vesiculate during thermal stress, a defect seen for all studied patients, although degree of susceptibility was found to be quite This defect tends to be more evident for most-dense cells.88 It is assumed to reflect an oxidative protein defect because identical thermal sensitivity is evident in RBC having perturbed thiols or dysfunctional s p e~t r i n~. "~ and because the sickle defect is significantly, albeit not fully, improved by reduction using D'IT.88 Certainly, other known causes of RBC vesiculation such as low pH, elevated calcium, or ATP depletion are unlikely to be causal for sickle RBC due to the discrepancy between the degree of perturbation that is required and that actually observed in sickle RBC. It is not known whether the biochemical defect leading to thermal sensitivity is related to release of microvesicles on reoxygenation of sickled RBC16Z,ZU, and the presence of procoagulant vesicular material in sickle plasma.'62
The consequences of coclustering relate to RBC/macrophage interactions (see below), and it now seems likely that protein defects play a role in the abnormal microrheology of sickle cells.
Vesiculation.
Coclustering and microrheology.
MEMBRANE RHEOLOGY
Oxygenated sickle RBC are poorly deformable when studied by filtration,u'-2z vi~cometry,2~~ ektacytometer? or m i~r o p i p e t . 8 '~~~~~' This abnormality is most characteristic of RBC in the most-dense, ISC-rich fraction. Because the ratio of membrane surface area to cell volume is not limiting in this fraction,8s1 poor deformability is explained by abnormalities of cytoplasmic viscosity and membrane microrheologic properties.
Cytoplasmic viscosity
Deformability of normal RBC is optimal at their usual hydration ~tate,22~*'~ so it is predictable that the severe dehydration of dense sickle RBC is harmful. This is evident in a dramatic improvement in ektacytometric deformability of unfractionated sickle RBC or ISC-rich fractions when cell hydration is n~r m a l i z e d .~.~~*~~ These findings undoubtedly do reflect effects of abnormal internal viscosity, but hydration status also exerts an independent effect on membrane properties (see below). Furthermore, mostdense sickle RBC do not fully regain normal deformability even if their hydration is fully normalized or even if they are reconstituted with normal Hb,8,us,229 suggesting that factors in addition to hydration status contribute. tie^^^^@'^^^'^^'^^^^ as exemplified by p, the static extensional rigidity (stiffness of the membrane as it resists extension) quantitated by micropipet studies. Although p does not change with MCHC for normal RBC, it increases markedly with MCHC of sickle RBC so that most-dense cells are strikingly abnormal, but highly variable, in this regard (Fig  7) .' " That others report p to be abnormal for ISC but not for dense discocytes from the same density subpopulation*' may or may not be because broader density fractions were used so that truly comparably dense cells were not examined. In addition, dynamic rigidity (a time-dependent property) of sickle RBC is abnormal.81." Most remarkably, sickle RBC exhibit plastic flow behavior so that residual bumps persist even after release of RBC from pipettes, in contrast to the prompt and complete (ie, elastic) recovery from deformation usually manifested by normal RBC.zz7 This recovery failure can be seen for normal RBC of extremely high MCHC, but it is seen for sickle RBC of any MCHC.227
Membrane Microrheology
These observations identify a fascinating dependence of membrane properties on cell hydration status. Indeed, hydration of dense sickle cells allows a significant (but only partial) improvement in membrane rigidity and plastic flow behavi0r.8'~~~ That this effect is exerted uniquely by HbS (and not by HbA at comparable MCHC) further shows existence of an abnormal, dynamic interaction between the mutant Hb (which has both increased hydrophobicity and diminished negative charge) and the RBC membrane. Direct evidence for this is provided by the fact that loading normal RBC ghosts with HbS makes p and plastic flow abnormal, while loading sickle ghosts with HbA improves ~1 and plastic behavior (although only partially for ghosts from most-dense cells).231 Various aspects of this dynamic HbS/ membrane interaction have been reviewed recently.6 Perhaps the most crucial of these observations is that Hb concentration at the membrane/cytosol boundary of oxygenated sickle RBC is abnormally high and, unlike the case for normal RBC, is very MCHC-dependent, reaching perhaps 39 mmol/L for most-dense cells."' It is not clear how much of this Hb is soluble and how much is irreversibly associated with the but deoxygenation .does tend to deplete Hb from this area."' It is probable that membrane rigidity reflects alteration of normal foldinglunfolding ability or creation of abnormal protein/protein asso~iations,2'~ and effects of oxidative perturbation on either might help explain those aspects of normal microrheology that fail to improve with either hydration or HbA substitution. Indeed, abnormal p and plastic flow behavior are reproduced in normal RBC by stimulation of excess superoxide generation and in parallel with membrane thiol o~i d a t i o n .~~ Likewise, the rigidity of sickle ghost membranes in the ektacytometeP"*z'6 is simulated by the same manipulati~n.~' It is not known if this effect is related to Hb/spectrin adduct formation (discussed above), but there seems to be a relationship between presence of such adducts and RBC deformability as evidenced by a significant correlation between MCHC and amount of adduct and the rigidity of resealed (and, therefore, hydrated) sickle ghost membranes.'@' Yet another contributing factor may be provided by increased amounts of polyamines in sickle RBC2343235 because these organic cations can interact with membrane pr~teins'~~."~ and at physiologic concentrations exert an adverse effect on membrane microrheology.u8
Deoqgenation and Sickling
Not surprisingly, the plummeting deformability of deoxygenating sickle RBC79*"1-2232U9 is highly dominated by development of Hb polymer. Even before morphologic sickling takes place, RBC filterability deteriorates as PO, decreases, with the required depression of PO, being substantially less for most-dense cells?z3z23sm Interestingly, these cells actually require less polymer formation for loss of filterability than is required by less dense cells, so this measure of poor deformability probably reflects the additive effects of cytoplasmic viscosity and polymer formation?"2m."0 In this regard, it has been argued that the osmotic effect of polymer formation would cause MCHC to increase to a much greater extent for most-dense cells than for lessdense cells.241 Regarding the membrane, micropipet measurements of static extensional rigidity for evaluable sickle RBC (those that remained as discocytes at low PO,) were interpreted as being normal,u9 but results were quite variable and may even hint at a slight trend toward improvement of p as PO, was lowered. Unfortunately, the informative experiment of monitoring single cells at varying PO, was not done to determine if the adverse effect of HbS on membrane microrheologic properties"."' decreases as HbS withdraws from the membrane during deoxygenation.
Consequences of Abnormal Microrheology
It may be anticipated that abnormal microrheologic properties would participate in vasocclusion. Increased static rigidity would contribute to mechanical trapping of RBC during their attempted passage through the microvasculature, while dynamic abnormalities might well affect the rate of RBC entry into capillaries of limiting diameter and the flow velocity of cells therein. In addition, the plastic flow abnormality of sickle membranes may explain development of ISC shape.
CELUCELL INTERACTIONS
In recent years it has been appreciated that, regardless of proximate intracellular events, clinical phenotype (anemia and vasocclusion) must reflect interaction between the sickle RBC and its environment. Most data pertain to abnormal attachment of sickle RBC to mononuclear phagocytes or vascular endothelial cells, interactions of suspected relevance to hemolytic anemia and vasocclusive disease, respectively.
Monocytes and Macrophages
Some early descriptions of sickle cell anemia included erythrophagocytosis in marrow specimens as a feature of the disease? and at autopsy tissue macrophages contain ingested RBC.243 Not surprisingly, sickle RBC have been found to be abnormally adherent to normal marrow (or splenic or alveolar) macrophage^'^^ and to normal peripheral blood monocytes:44 with most-dense cells having increased tendency for adherence. After attachment, sickle RBC are phagocytosed by macrophages more readily than are normal RBC,'49,'80 with both adherence and erythrophagocytosis being highly variable (over a sevenfold range) among patients.'49 Several mechanisms have been proposed and supported.
The IgG on sickle RBC'49,177,180,182,183 is implicated in that macrophage adherence and phagocytosis are inhibited by Fc receptor blockade'49 or elution of Ig from the RBC."' Alternatively, the reported ability of externalized PS to promote RBC adherence to macrophages in vitroz4' has been implicated because adherence of sickle RBC is enhanced by deoxygenation and is impeded by preincubation of macrophages with PS liposomes.2M In addition, exposure of normal RBC to peroxide increases their p h a g o c y t o s i~, '~~~~~ as does treatment with the peroxidation byproduct mal~ndialdehyde.'~~ Because MDA appears to be unique among small aldehydes in this regard? the mechanism probably is not simply altered hydrophobicity. Rather, it is suggested that an interrelationship exists between immunologic and oxidative mechanisms because either peroxide treatment or MDA treatment enhances erythrophagocytosis by promoting RBC opsonization with Ig.'49,z*, 247 Whether abnormal interactions with phagocytic cells actually participate in sickle hemolysis has been addressed only indirectly. The number of IgG molecules per RBC does not correlate with hematologic parameters indirectly reflecting hemolytic rate,'" which is not surprising because this ignores the variability in proportion of positive cells and coating density described above. However, the presence of IgG does correspond to erythrophagocytosis of sickle RBC in v i t r~, '~~~' '~ and adherence to macrophages was found to correlate significantly with hemolytic index and with 1/[Hb].149 Interestingly, erythrophagocytosis apparently is evident in peripheral blood in about 40% of sickle patients, with these having lower mean hematocrit than the remainder of patients not showing erythrophagocyto~is.~~~ This use of diverse experimental systems has produced somewhat conflicting results, but there is a general consensus that all sickle RBC subpopulations are abnormally adherent to endothelium. However, different experimental systems appear to emphasize different adhesive subpopulations, probably because of differential sensitivity to separate adherence mechanisms. Studies in a staticbuffer system suggest that adhesivity is most exaggerated for more-dense sickle cells that are not ISc82~252~263 so that there appears to be no correlation between sickle RBC adhesivity and reticulocyte c o~n t .~~' ,~ This notion is partially supported in a static/ plasma system by observation that the less-dense subpopulation tends to adhere using only small areas of contact while more-dense cells use multiple areas of contact." This difference could explain less-efficient removal of dense cells by endothelial monolayer washing, and it supports the notion that observations will reflect extant subpopulations, which may vary in size or composition. Conversely, adherence studies performed under conditions of flow in the presence of plasma proteins indicate that adhesivity is most exaggerated for the least-dense reticulocyte-rich popul a t i~n . "~~~' Indeed, even normal reticulocytes are quite adherent in this model. In other statidplasma studies, it was found that regardless of RBC density, the irregularly shaped non-ISC are more adherent than discocytes?65 Regardless of assay system, an important principle is that adherence probably depends on intimacy of contact, eg, as evidenced by diminished adhesivity after RBC have become spiculated by d e o~y g e n a t i o n .~~~'~ Thus, it could be that most-dense cells are quite adherent, but the requirement for intimacy of contact dominates in flowing assay systems and perhaps in vivo.
Vascular Endothelial Cells
Tenacity of sickle RBC adherence to endothelium is variable, as evidenced by progressive detachment of adhering RBC as a function of increasing shear.zz3U3 Actual comparative measurement of adhesive forces showed sickle RBC to have an average 40% increase Identity of the adherent subpopulations.
Tenacity of adherence.
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From for a single attachment site."' However, unlike normal RBC, sickle RBC adhere using multiple attachment sites, so it was estimated that the relative adhesivity of sickle RBC may be increased as much as 100-fold under physiologic conditions where detaching forces would be tangential to the endothelial surface (rather than normal to it as during force measurements)."' Of interest, observation of even the "non-adherent" sickle RBC under flow conditions has shown sequential endothelial detachment/reattachmcnt so they exhibit an apparent rolling behavior along the endothelial su~ace,2'*.~''.'61 perhaps partly explaining their deficient flow velocity during microcirculatory flow." ' In endothelialized capillary tubes sickle RBC do not adhere under laminar flow conditions, but addition of bends to add turbulence promotes adhercncc.*'' In perfused rat mesocecum, sickle RBC adhere to venular endothelium especially at junctions and bends, but also in straight segments without junctions (Fig  8) .*" This result led to the suggestion that endothelial adherence is a phenomenon most relevant to low shear locations such as the immediate postcapillary circulation.'6' However, few data address the likelihood that physiologic relevance will reflect a complex interplay between adhesive' potential, microrheologic factors, and the additional constricting influence of limiting capillary diameter. A single study found that adherence increases dramatically as venuLocation ofadherence. Mechanisms underlying endothelial adherence. Endothelial adherence by sickle RBC reflects both membrane and environmental factors."?.*" Regarding the former, studies using staticbuffer conditions implicate the topographical abnormality of sialic acid bearing residues (ic, glycophorin clumping)"' and suggest that this abnormality and adhesivity may be promoted by calcium loading" and by RBC d~hydration.'~~.'~ Notably, dehydration also makes normally nonadherent sickle trait RBC adhere to endothelium.*"* Consistent with this finding, the devclopment of endothelial adhesivity by normal RBC subjected to oxidative stress imposed by phenazine methosulfate is mediatcd by ensuing RBC dehydration.2w Alternatively, it has been suggested that PS externalization might promote increased adhesivity.'*.''" Whether thc adhesogenic potential of sicklc RBC themselves, independent of plasma proteins, changes in association with acute crisis is not Regarding environmental factors, the presence of protein may' or may not"'"7 be absolutely necessary for endothelial adhesivity. In any case, albuminbuffer clearly supports relatively weak adherence compared with that evident in plasma,"'.*o*.'h' and it is likely that actual mechanism of adherence is different in these two systems. Several plasma constituents have been studied as potential adhesogens. ~i b~i~~~~~" ' n . ? s ? , ? " . ? " . *~7
and fibronect inrw.rca.zn' have been variably implicated in adherence. Thrombospondin, which mediates cytoadherence of malaria-infected RBC to venular endothelium in vitro:-has not been studied in relation to sickle RBC adherence, but its influence might help explain the reported adherence-promoting effect of platelets."' Although plasma von Willebrand factor (vWF) is a poor promoter of adhesion, the high-molecular-weight vWF multimers secreted by endothelial cells markedly facilitate adhesion of sickle reticulocytes under flowing condition^.*'^.^^^ A mechanism involving molecular bridging between integrin family receptors on RBC and/or endothelium is supported by blocking studies using RGDS peptide or antibodies to GpIb or GplIblIla.ZS4~*OV Specific receptor molecules on reticulocytes have not been directly identified, although indirect evidence for fibronectin receptors has been offered.Zm However, adherence mediated by other proteins may involve different mechanisms; eg, specific receptors are not required for macromolecular bridging of cells by fibrin~gen.~~'
The noted effect of vWF is of particular interest given the association between pain crisis and clinical dehydration, a stimulant of vasopressin and, therefore, vWF release. Certainly, pharmacologic stimulation of vWF release in a model microvascular system is associated with increased trappingladherence of sickleB1.m* or normalB3 RBC. Thus, changes in levels of certain plasma proteins due to acute crisis''~2S0~z6z~W"~B' possibly underlie the observed increase in adhesogenic potential of sickle plasma obtained during acute pain crisis."'.*'* Unfortunately, it is not yet known
Sett~ed.?"~.?h'
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Sickle adherence in plasma was noted to be abolished by the presence of EDTAz5 but it was not determined whether this inhibition was due to the removal of calcium per se or to the documented ability of EDTA to irreversibly dissociate (and render nonfunctional) certain integrin structure^."^ An additional aspect is that of endothelial injury, because sickle RBC are more adherent to endothelial cells injured by activated neutrophils in vitro?62 Another example is provided by the unique case of viral infection of endothelium causing surface expression of viral glycoprotein having Fc receptor capability, in which case the IgG on sickle RBC potentiates their adherence?" Conversely, adherence of sickle RBC may adversely affect the endothelial cell, as evidenced by induction of prostacyclin p r o d~c t i o n ,~~ the levels of which are increased in sickle patient plasmas.274 Possibly relevant are observations of circulating endothelial cells during vasocclusive crisis:76 the fact that sickle adherence may inhibit endothelial DNA synthesis:77 and an inconstantly observed diminution in ability of sickle patients to release tPA?75,275a Anatomical study has provided evidence of vascular injury in patient material?782m With the exception of a single preliminary report suggesting that sickle RBC adherence is increased by interleukin-1 (IL-l), the effect of cytokines is unexplored, as is the role of various molecules on the endothelial cell surface.
In both staticbuffer and flowing/plasma systems, adherence propensity has been found to vary markedly among patients (over a 20-to 30-fold range) so that some have RBC barely distinguishable from normal while others have RBC that exhibit a much greater adherence.=',% The extent to which these results reflect patient-to-patient differences in adherence tenacity versus variation in size of adherent subpopulations has not been established. In any case, for HbSS patients a correlation has been observed between adherence propensity and a score of vasocclusive severity?66 Moreover, RBC from the clinically less severe sickling disorders are less adherent to e n~o t h e l i~m ,~~~~~~~~~ and sickle trait RBC are indistinguishable from normal RBC.82253*zz Role of the endothelial cell.
Variability among patients.
PATHOPHYSIOLOGIC ROLE OF MEMBRANE ABNORMALITIES
Considerations of sickle disease pathophysiology generally have been dominated by an emphasis on HbS p o l y m e r i~a t i o n :~~~~ However, it now is recognized widely that this disease is exceedingly complex, so attempts to neatly explain it on the basis of a single feature are artificial and belie the intriguing heterogeneity among patients. On the other hand, it clearly is not yet possible to identify the actual relative importance of all relevant factors potentially influencing pathobiology. The foregoing discussion of sickle membrane abnormalities has identified ways in which specific defects might impact on physiology. The following will attempt to place these defects in the perspective of current concepts of sickle disease pathophysiology.
Factors Contributing to Hemolysis
Severity of anemia for sickle patients correlates directly with the magnitude of the very-dense cell consistent with data indicating that ISC are short-lived This conclusion is strengthened by the fact that both dense-cell formation and anemia are ameliorated by concurrent a thala~semia~~."~ and in patients with HbSC disease.8.10'w'98 This relationship then accounts for the described correlation between patient Hb levels and amount of calculated RBC polymer content,m which is simply derived from MCHC, so it remains to be seen whether sickling per se is tied directly to anemia. The actual mechanism of RBC survival attenuation could involve several of the membrane characteristics reviewed here, including abnormal cellular f r a g i l i v 5 as well as pathologic deposition of surface IgG149~'n~1""*182~183 coclustered with band 3 p r~t e i n . '~~. '~~? '~~ The former might be related to that portion of hemolysis which appears to be intravas~ular,~~ while the latter is one (but probably not the only) reason for abnormal interaction between sickle RBC and mononu-.
clear phagocytic cell^.''^"""*^"^^^ Specific data relating to the possibility that such abnormal celVcell interactions actually participate in hemolysis have already been discussed.
Factors Contributing to Vasocclusion
Two theories address the role of HbS polymerization in vasocclusive events. One argues that Hb gelation occurs so readily that clinical expression of polymer formation is dominated by thermodynamics and the equilibrium polymer concentration, with supporting evidence in the form of detectable polymer even at oxygen saturations typical of the arterial circulation?,2m The second theory argues that the system is never in equilibrium and that sickling is dominated by kinetics, so that clinical effects depend critically on the relationship between microcirculatory transit time (short) and the unavoidable (and relatively longer) delay time for onset of Hb polymerization for most sickle RBC: The relative merits of these two views have been argued elsewhere, but it may be noted that each requires coordinate participation of the RBC membrane. Both necessarily implicate those membrane features promoting sickle RBC dehydration because polymer formation is so extraordinarily dependent on Hb concentration: The former theory, in fact, demands a critical role for the most-dense cells (ISC and/or unsickleable discs). The kinetic theory further implicates other factors that could promote sickling by delaying transit time. One of these, of course, is the abnormal interaction of sickle RBC with endothelium, and a number of observations reviewed above successfully relate features of the adhesive process to known aspects of vasocclusion physiology.
It is controversial whether or not the RBC membrane directly influences polymerization. That anisotropic polymer formation is promoted by open, but not by resealed, sickle ghosts does suggest a membrane effect,"' which might even explain other data arguing for preexisting nucleation sites in most sickle RBC?92 On the other hand, the absence of a membrane influence has been HbSpolymerization.
Membrane as template.
For personal use only. on October 24, 2017. by guest www.bloodjournal.org From argued based on a lack of significant effect of normal RBC membranes on HbS gelation in vitro?B However, certain peculiarities of the sickle membrane such as the abnormal clustering of Hb binding sites (in the form of band 3) argue that this issue cannot be resolved until similar gelation studies are performed using sickle membranes themselves.
The most-dense cell fraction contains those RBC that not only are most likely to form polymer but also are predicted to have the greatest difficulty negotiating the microcir~ulation."~~~~~~ Of course, all those membrane defects contributing to the rheologic incompetence of this cell population (because of increased internal viscosity, abnormal membrane microrheology, ISC shape, enhanced tendency to form polymer, and so on) are relevant to its participation in vasocclusion. Yet, recent data perhaps even argue against a role for dense cells in initiation of this event. For example, the occurrence of pain crisis actually correlates inversely with percent dense cells and percent ISC and, conversely, correlates positively with adequate RBC deformability (a feature of the least-dense, very adhesive cell^)."^"^"^ Yet it should not be assumed that dense cells are irrelevant. Their numbers do diminish during vasocclusive crisis, possibly because of sequestration," and microcirculatory models provide compelling evidence that dense cells do play an important role in vasocclusion. However, this may be as a propagating factor rather than as an initiating factor, with trapping of dense cells occurring secondary to initial adherence of less-dense cells to the vascular e n d~t h e l i u m . ~~~~~~~~~~~~~~ These issues have been reviewed recently.'% Vascularfactors. It also is possible that sickle pathophysiology includes a role for vascular dynamics, the complexities of which have been reviewed.297 Pertinent observations from sickle patients include inconstantly observed oscillatory microvascular flo$% and similar flow intermittency during hyperemia?% An improvement in certain ocular findings achieved using nifedipine was interpreted as being due to improved vascular dynamics," but those defects are felt to be due to presence of dense cellszg8 and nifedipine does inhibit ISC formation in vitro.% The role of endothelial cell injury has been discussed already. An unexplored area is the potential role of endothelium-dependent vascular responses that are either vasodilatory or vasoconstricting.
Preceding discussion has already identified potential roles for various blood factors, including plasma proteins (as modulators of RBC adhesivity), osmolality (as a determinant of RBC hydration), blood pH (as a stimulus for cation depletion, as well as Hb polymerization), and zinc levels (as a calcium antagonist). Also in this category, it is apparent that regional influences peculiar to certain vascular beds can be important, as exemplified by the undoubted impact of the hyperosmolarlhypoxic renal medulla. Insofar as cellular pathobiology is influenced by oxidative phenomena, it even is possible that an effect could be exerted by dietary factors (eg, access to selenium, riboflavin, and vitamins E and C) in some cases, although little investigation has been applied to this aspect:
Dense cells versus least-dense cells.
Environmental factors.
Genetic Factors Influencing Phenotypic Diversity
An alternative to summarizing the vasocclusive process descriptively (as above) is to approach the problem by identifying determinants of clinical phenotype. Such a compilation will show some factors for which a genetic basis has not been identified (eg, most of those described above in the "vascular" and "environmental" categories), but data are most developed for several genetic factors.
Concurrent presence of other p globins has great influence and defines the various sickling syndromes." Some of these (eg, presence of HbA or HbF) exert their effect by inhibiting .polymer formation, while others readily participate in gelation (eg, HbD and H b P b ) . Coexistent f3'thal allows some HbA expression. In contrast, HbC is like HbA in its inability to participate in polymerization, but it seems to exert a pathologic effect by affecting the membrane to promote cellular d e h y d r a t i~n .~.~~ The presence of some a . globin mutants may exert an effect on phenotype.M1
Concurrent a thalassemia lowers the number of very-dense ce11s,'z~13~87.91~92 but, if anything, it confers a somewhat increased tendency toward vasocclusive e~e n t s . '~~~~~' ' This result is believed to reflect a concomitant adverse rheologic impact of increased blood visc0sity13,~2,288,302 because Hb level is an independent predictor of pain crisis f r e q~e n c y .~~.~'~ Beta cluster haplowpe. Sickle patients vary in having beta cluster haplotypes typical of the mutation rigi in.'^.^.^ These translate into some differences in severity for undefined reasons. Haplotype influences on mean HbF level have been emphasized, but it must be noted that HbF levels vary more widely within any given haplotype than between haplotypes. HbF levels vary enormously among sickle patient^^^"'^ and probably are determined largely by heritable factors that influence number of F cells and amount of HbF per F The ameliorating role of HbF on RBC survival76 and on vasocclusive severiVw is felt to reflect its role as an inhibitor of HbS polymerization. Other potential influences have been recognized in theory but remain virtually unexplored.6 In this regard, an exciting new observation is that the molecular behavior of HbF is variable depending on whether it is composed of the type or the "y type.-" Given the hypothesized role of Hb instability in the cellular pathobiology of sickle RBC; it is of interest that the Ay type is more hydrophobic and unstable than the 'y type and that levels of the former are higher in the patients with p cluster haplotype predictive of more severe disease."
The role of non-globin genetic disorders is relatively unexplored, but the principle is exemplified by concurrent G6PD deficiency. It appears to have no major influence on severity if large numbers of patients are surveyed,3" but this does not preclude some pathogenetic influence for some patients. Indeed, both deleterious and beneficial effects deserve further study because both have been observed anecdotally and both can be hypothesized to fit within the complex biology of
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For oxidative phenomena as they impact upon the RBC membrane.
It is clear that the degree of influence exerted by various membrane factors is both variable among patients and relevant to clinical phenotype. By way of illustration, variability in stimulatability of WCl c~t r a n s p o r t~~,~ or Ca-activated K channelss9 could have an impact on clinical phenotype by influencing the degree or rate of dense-cell formation. In some instances, such variability may be found to reflect the influence of as yet unrecognized genetic factors. However, just as the very existence of a great variety of membrane defects undoubtedly reflects the pleiotropic effect of the sickle gene, it also is probable that the great heterogeneity among patients in expression of these defects reflects a molecular behavior of the mutant gene product. It is not apparent how these defects can be explained by the polymerization behavior of HbS, but they readily can be postulated to be consequences of the instability of HbS, as expressed by decompartmentalization of cellular iron and excess endogenous oxidant stress! Regarding this notion, only those data bearing most directly on the sickle membrane have been noted herein; the larger body of relevant but less direct evidence related to this has been reviewed elsewhere! For present purposes, all HbS/membrane interactions are included in the category of Hb instability because data reviewed elsewhere6 suggest the existence of an intimate relationship between initial electrostatic association of HbS with the membrane and subsequent hydrophobic interaction and manifestation of HbS instability through its surface denaturation behavior. However, this is clearly an area that requires additional investigation to clarify mechanisms underlying the influence of Hb type on stimulation of K/C1 cotransport and the reversible effects of HbS concentration on microrheology.
Membrane features.
A MODIFIED HYPOTHESIS
Some years ago, it was recognized that sickle disease clinical diversity is influenced by a series of cellular and genetic modulators of disease se~erity.~"'~'~ In view of the wealth of data developed in the ensuing years, perhaps this view can be modified to recognize that the extreme complexity of sickle disease pathophysiology reflects the presence of two quite different levels of influence (Table 3) .
One level comprises those influences that are readily explainable by genotype analysis and thus includes, most obviously, the determinants of cytosolic Hb composition and the regulators of HbF levels; it probably also includes the influence of (Y globin gene number and p cluster haplotype. The impact of these factors on pathophysiology is to broadly define the basic propensity for clinical disease through their influence on Hb polymerization and cellular sickling. Hence, their role in determining phenotypic diversity is predictable and mathematically solvable, at least in theory. While some optimism in this regard is perhaps justified by the great strides already made in both clinical correlation and in understanding the physical chemistry of HbS, sufficient data already exist to raise concern that even more detailed understanding of these factors will still leave unexplained the two great paradoxes of sickle disease. Why is degree of clinical involvement temporally variable despite constancy of these genotypically predictable cellular characteristics? What accounts for the great heterogeneity among sickle patients in clinical phenotype, so that variability within a specific genotypic profile can be even greater than differences between genotypes?
The present hypothesis finds the answer to these central questions in those factors that are not readily explainable by 
. This includes not only the non-genetic factors described above as being "vascular" and "environmental" but also most of the sickle membrane defects. As noted already, these are remarkable for their variety, for the extraordinary heterogeneity in their expression, for their potential clinical relevance, and for their apparently intricate interrelationships (in both cause and effect). These facets readily provide opportunity for a degree of randomness in modulation of disease expression that can affect phenotypic diversity in a way that is inexplicable on the basis of traditional genotypic analysis. Insofar as this is explained by HbS instability, these effects are not expected to be truly random, of course, because their occurrence and nature must be governed by certain biochemical principle^.'^^ However, oxidative pathobiology is so extraordinarily complex that the process of membrane damage may appear to be random; whether it is solvable remains to be seen.
As a consequence, the historic view of sickle disease pathophysiology based on HbS polymerization and the "vicious cycle" model of Ham and Castle"' perhaps should be revised to include a component of "stochastic stasis."
Full integration of HbS polymerization and HbS instability into a comprehensive pathophysiologic scheme clearly must await further study, but Fig 9 hypothesizes a model that is justifiable based on current data. Meanwhile, recognition of a pathophysiologic role for the RBC membrane creates opportunities for possible therapeutic approaches including, but not limited to, interventions designed to improve cellular hydration status, to diminish endothelial adhesivity, to improve membrane microrheology, or to optimize critical aspects of oxidative pathobiology. On the other hand, it is likely that successful development of creative therapeutic approaches based on the contribution of membrane pathobiology will require a more detailed understanding of its intricacies. Indeed, the appropriateness of the term "stochastic stasis" reflects the level of our ignorance more than it predicts a lack of solvability. It is clear that the sickle membrane continues to present great challenges for investigators of biochemistry, physiology, and cellular and molecular biology.
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